Introduction {#sec1}
============

Biocompatible polymeric materials have long been studied as a platform to improve the body's immune-tolerance and benign integration of implantable biomedical devices. Many of these materials also possess tunable mechanical properties and a minimally immunogenic profile, enabling them to find uses as nonreactive surface coatings,^[@ref1]−[@ref4]^ drug delivery vehicles,^[@ref5]−[@ref7]^ and structural components of implantable systems.^[@ref8]−[@ref10]^ More recently, there has been increased interest in developing polymer biomaterials for applications in tissue engineering as in vitro and in situ cell scaffolds and as local modulators of cell responses and tissue characteristics.^[@ref11]−[@ref15]^ Artificial long-chain biopolymers are often used for these purposes as they can possess these desirable characteristics, but they have also had limited therapeutic applications in part due to the inability to dynamically and noninvasively manipulate them once embedded in the tissue.

One common construct that applies artificial long-chain biopolymers are hydrogel networks. These constructs can be porous in nature and therefore enable physiologically relevant cell growth in a 3D environment.^[@ref10],[@ref14]^ This approach has been adapted for numerous proposed therapies, notably in the setting of supportive cardiac strategies for the treatment of myocardial infarction, such as the delivery of bulk hydrogels for mechanical support of the injured myocardium^[@ref16]−[@ref20]^ or implantation of discrete polymeric microstructures for alteration of the fibrotic cascade at the cellular level.^[@ref21]−[@ref23]^ However, the randomized nature of bulk polymer delivery and the uncontrolled orientation of discrete microstructural cues make these systems unpredictable directors of cell migration and tissue growth. This can lead to disorganized colonization of the polymer scaffold, which could precipitate pathogenic electrical developments in the regenerated tissue.^[@ref24]^ The ability to dynamically control injectable polymer therapies remotely could provide a means to address this shortcoming, facilitating the directed and organized growth of cells along tissue planes in a three-dimensional setting.

An additional obstacle to translational applications of implantable polymers is the difficulty in ensuring appropriate delivery localization and, in many cases, degradation rates of the implanted material. Tissue engineered scaffolds and devices are often engineered to be delivered by minimally invasive mechanisms such as polymerization or spreading upon injection into the target site.^[@ref16]−[@ref20],[@ref25]^ Common hydrogel polymers, such as polyethylene glycol dimethacrylate (PEG--DMA), often have a density and hydration content^[@ref26]^ that is similar to that of the surrounding native tissue after they are delivered, making them nearly invisible to commonly used imaging modalities. Thus, there exists a need to functionally alter the chemical makeup of these materials to enable their localization after implantation without affecting the physical material characteristics that are vital to tissue engineering applications.

In this work, we utilized established polymer chemistry techniques to design functional biomaterials for tissue engineering and imaging applications. Through the incorporation of both iron oxide nanoparticles and fluorine-containing compounds, we sought to demonstrate unique capabilities of remote manipulation and MRI localization. This was achieved through the use of physiologically relevant MRI studies to establish the imaging proof of principle as well as the influence of permanent magnetic fields to facilitate coordinated movement of PEG--DMA microstructures. These chemical modifications could be adapted to a variety of biocompatible polymers used in medical technology, offering broad applications across a wide range of biomedical devices for implantation. In turn, this may reveal expanded opportunities for the implementation of functional biomaterials to create minimally invasive, tissue-engineered implantable therapeutics.

Experimental Details {#sec2}
====================

Silane--PEGDMA Polymer Synthesis {#sec2.1}
--------------------------------

To produce polymer-coated iron oxide nanoparticles that facilitate chemical integration and miscibility in the PEG--DMA precursor solution for photolithographically fabricated microrods, a technique for silane--PEG diblock copolymer synthesis was adapted from Lee et al.^[@ref27]^ In brief, PEG--DMA (*M*~N~ = 750, Sigma) was mixed in an equimolar concentration with 3-(trimethoxysilylpropyl methacrylate) (Sigma) in tetrahydrofuran (THF, Sigma) in a pure nitrogen atmosphere. Following this, 2,2′-azobis(isobutyronitrile) (AIBN, Sigma) was added, and the mixture was placed on a hot plate at 70 °C for 24 h to induce free radical polymerization of the methacrylate groups and evaporate the THF solvent. This solution, poly(TMSMA-r-PEGDMA), was stored at 4 °C and is shown schematically in Figure [1](#fig1){ref-type="fig"}A.

Polymer-Coated Iron Oxide Nanoparticle Synthesis {#sec2.2}
------------------------------------------------

Iron oxide nanoparticles were synthesized through a base-initiated coprecipitation of two iron salts, as adapted from Lee et al.^[@ref28]^ with relative iron concentrations to dictate nanoparticle size guided by the work of Zhu et al.,^[@ref29]^ resulting in polymer-coated iron oxide nanoparticles, as represented in Figure [1](#fig1){ref-type="fig"}A, and stored at 4 °C until further use (see [Supporting Information](#notes-1){ref-type="notes"}). Iron content was measured in-house using an total iron assay kit (Biovision, Inc.) by the manufacturer's protocols.

![(A) In-house manufacture of the diblock copolymer poly(TMSMA-r-PEGDMA) facilitated coordination with iron-oxide nanoparticles during synthesis to coat and stabilize the magnetic nanoparticles. (B) Addition of coated nanoparticles to a solution of PEG--DMA with a cross-linking agent was used to generate magnetically active microstructures. (C) SEM of microstructures after harvesting from the silicon substrate.](am-2014-03778t_0001){#fig1}

Iron Oxide-Functionalized Magnetic Microrod Fabrication {#sec2.3}
-------------------------------------------------------

Microrods were fabricated photolithographically by commercially available materials using methods adapted from previously designed protocols by our group and others, and are shown schematically in Figure [1](#fig1){ref-type="fig"}B.^[@ref13],[@ref22],[@ref23],[@ref30]^ Silane-coated iron oxide nanoparticles were fabricated as described above and added in a 1:1 volume ratio to PEG--DMA (*M*~N~ 750, Sigma-Aldrich) and vortexed thoroughly. Microstructures were then created using standard photolithographic techniques (see the [Supporting Information](#notes-1){ref-type="notes"}). Representative microrods are shown in the SEM in Figure [1](#fig1){ref-type="fig"}C.

MRI Hardware {#sec2.4}
------------

All MRI experiments were performed on a 7 T (310 mm bore size) superconducting magnet equipped with actively shielded imaging gradients (400 mT/m maximum gradient strength, 120 mm inner bore size) (Agilent Technologies, Palo Alto, CA).

^1^H MRI of Magnetic Microrods {#sec2.5}
------------------------------

### A. Vial Experiments {#sec2.5.1}

For ^1^H imaging experiments, a 72 mm inner diameter quadrature ^1^H birdcage resonator (Rapid Biomedical GmbH, Rimpar, Germany) was used for radio frequency pulse transmission and signal reception. Four vials were prepared with 0, 1 × 10^4^, 2.5 × 10^4^, and 1 × 10^5^ iron-loaded microrods in water, centrifuged to the bottom, placed in a larger water filled container (size = 60 mm × 100 mm), and centered in the resonator. The water filled container was used to reduce the susceptibility differences around the microstructure containing vials. After localizer sequences, global shimming was performed with a 3D field-mapping sequence provided by the manufacturer's VnmrJ 3.1 scanner software (Agilent Technologies, Palo Alto, CA). To image the effect of the iron oxide nanoparticles on the MRI signal, a T1-weighted 2D multislice gradient echo sequence with different echo times was used: repetition time (TR) = 250 ms, echo times (TEs) = 2.7, 5.0, 15.0 ms, flip angle (α) = 30°, field of view (FOV) = 80 × 80 mm^2^, matrix = 512 × 512, resolution = 156 × 156 μm^2^, number of slices = 10, slice thickness = 1 mm, receiver bandwidth (BW) = 40.3 kHz, number of averages (NA) = 1.

### B. In Vitro Chicken Heart Experiments {#sec2.5.2}

Commercially obtained chicken hearts were used as a model of solid tissue and injected with 50 μL aliquots of saline solution through a 30 gauge syringe carrying 1 × 10^5^ iron-free microrods, 1 × 10^5^ low-iron density microrods, or 1 × 10^5^ high-iron density microrods. The hearts were then inserted into a conical plastic tube (diameter = 15 mm) and imaged with a custom-built 20 mm inner diameter linear ^1^H birdcage resonator. After localizer sequences and global shimming, T1-weighted 2D multislice gradient echo images were acquired with the following parameters: TR = 250 ms, TE = 5 ms, α = 30°, FOV = 40 × 40 mm^2^, matrix = 256 × 256, resolution = 156 × 156 μm^2^, number of slices = 12, slice thickness = 1 mm, BW = 40.3 kHz, NA = 1.

3D Manipulation of Magnetic Microrods {#sec2.6}
-------------------------------------

To study our ability to externally manipulate and align magnetic microrods in 3D environments, a rig was constructed to hold in place two juxtaposed 0.25 T neodymium magnets (3 in. diameter, 1.5 in. thick) with opposite poles facing one another at a small separation distance of less than 2 in. This creates a strong, unidirectional, and uniform permanent magnetic field between the two facing plates of the magnets. Magnetic microrods were then added to a liquid-phase solution of Matrigel (BD Biosciences) at ∼4 °C. Matrigel is a thermally setting, ECM composite material that assumes tunable, tissue-relevant mechanical stiffnesses that are protein concentration dependent.^[@ref31]^ The Matrigel-microrod solution was then pipetted into an 8-well chamber-slide and placed in an incubator at 37 °C to gel. After 1 h, the slide was placed between the two large magnets at 37 °C and subsequently visualized under a microscope at 4, 12, and 24 h. Control cultures were plated under identical conditions but were never brought into contact with the magnetic field. Alignment was assessed through serial imaging of the entire depth of the gel and measuring angles of the long axis of the rod with respect to a defined reference line using ImageJ. This was done for *n* = 8 gels for each condition.

Fluorine-Tagged Microrod Fabrication {#sec2.7}
------------------------------------

Fluorine-tagged microrods were made by methods similar to those described above, but with the incorporation of an acrylated, linear chain perfluorocarbon: 1*H*,1*H*,2*H*,2*H*-perfluorodecyl acrylate (PFA, Sigma). As detailed previously, PEG--DMA was mixed with the PFA at various inclusion volume ratios with cross-linking agent added, as above. The solution was vortexed and agitated thoroughly and continuously to maintain emulsification of the extremely hydrophobic PFA in solution. The solution was then immediately placed on a silicon wafer and underwent spin-coating and photolithography for 90 s at 8 mW/cm^2^. Successful integration of fluorine into the microrod matrix was assessed by visual hydrophobicity of the microrods on the wafer. Fluorinated microrods were harvested as described previously and counted in preparation for MRI studies.

^19^F MRI Experiments {#sec2.8}
---------------------

### A. ^19^F PFA Dilution Experiments {#sec2.8.1}

^19^F spectroscopy and spectroscopic imaging was performed using a 2 cm diameter surface (loop) coil (Agilent Technologies, Palo Alto, CA) tunable between the ^1^H frequency (300 MHz) and the ^19^F (282 MHz) at 7 T. A ^19^F NMR (nuclear magnetic resonance) spectrum from the polymerizable perfluorocarbon substance (raw) added to Eppendorf tubes and centered in the center of the surface coil was recorded using a pulse and acquire NMR sequence: TR = 10 s, BW = 100 kHz, number of complex points (NP) = 8192, NA = 8.

Detection sensitivity to PFA was determined by diluting into two lower concentrations using pure acetonitrile: (I) 0.47% (v/v% = 3.71 × 10^--6^ M or 6.31 × 10^--5^ N fluorine) and (II) 0.047% normal (3.71 × 10^--7^ M or 6.31 × 10^--6^ N fluorine). A classical chemical shift imaging (CSI) sequence, consisting of a hard-pulse (pulse length = 20 μs) followed by 3D phase-encoding and free-induction decay signal acquisition was used to localize and image the ^19^F signal. Further parameters of the ^19^F 3D CSI sequence: TR = 200 ms, TE = 160 μs, FOV = 32 × 32 × 32 mm^3^, matrix = 20 × 20 × 20, BW = 100 kHz, NP = 2048, NA = 1. The raw data of the ^19^F CSI acquisition were processed with in-house written software programmed in Matlab (Matlab 2007a, Mathworks, Natick, MA). The raw data were filtered in the spatial domain using a hamming-window and in the spectral domain using a matched exponential-filter. Before 4D-Fourier transformation, data were zero-filled to 64 × 64 × 64 points in the spatial domain. To reconstruct images from the data sets, the spectral region between −1.36 and 2.20 kHz was integrated.

### B. Localization of Perfluorocarbon-Loaded Microrods by ^19^F MRI {#sec2.8.2}

Microrods were fabricated with a 0.47 v/v% of PFA in PEG--DMA to achieve strong detection capabilities. As with iron-loaded microrods, 1 × 10^5^ PFA-labeled microrods were collected in a vial, and ^19^F 3D CSI experiments were performed using the same protocols as above. Following the ^19^F experiments, the surface coil was tuned to the ^1^H frequency (without moving the vial in the MRI magnet), and ^1^H MRI gradient echo reference images were acquired to verify the position of the microrod collection in the vial. To assess sensitivity to detect a dispersed injection-type delivery of PFA-labeled microrods, 1 × 10^5^ microrods were injected through a 30-gauge syringe needle into a vial filled with a solidified gelatin mold to emulate the mechanical qualities of soft tissue. Commercially obtained gelatin powder (3 oz.) was dissolved in 1 L of water by boiling, then dispensed into the vials and kept at 4 °C overnight to allow solidification. To facilitate visual confirmation of successful injection, red food coloring was added to the carrier fluid of the microstructure solution.

Results {#sec3}
=======

Localization of Iron-Loaded Microrods by ^1^H MRI {#sec3.1}
-------------------------------------------------

The intensity of the signal cancelation generated by iron-labeled microstructures on a ^1^H MR gradient echo sequence was observed to depend on the total iron content per voxel, which can be tuned either by adjusting the amount of iron incorporated into each microrod or by increasing the number of microrods injected into the target volume. Furthermore, the signal cancelation also depended on TE of the gradient echo MRI sequence and increased with increasing TEs. Up to an average of 3 pg of total iron was able to be incorporated per microrod without prohibitively interfering with the polymerization process (data not shown). Using these maximally iron-included microrods, we set out to test the minimum number of microrods that could be reliably detected by MRI.

![Microstructures functionalized with iron oxide nanoparticles are added to tubes in varying amounts of zero (0), 1 × 10^4^ (L), 2.5 × 10^4^ (M), and 1 × 10^5^ (H). Images obtained using a gradient echo MRI sequence with echo times (TEs) of 2.7, 5, and 15 ms (A, B, and C, respectively) show increasing signal cancelation with increasing TE caused by the iron oxide embedded in the microstructures on the bottom of the tubes.](am-2014-03778t_0002){#fig2}

Vial Experiments {#sec3.2}
----------------

The MRI signal cancelation due to the ferromagnetic iron was enhanced by increasing the TE from 2.7 to 15 ms. Figure [2](#fig2){ref-type="fig"} shows that the medium (M) and high (H) concentrations of microrods cause a visible MRI signal cancelation in images of all TEs. This signal dephasing effect increases at longer TEs. While the vial containing 1 × 10^4^ microrods (L) shows only a small effect on the MRI signal at all TEs, no signal interference was visualized in the negative control vial (0). All four vials show a similar increased signal loss at the top with increasing TE where the vials contact the water in the container. The increased suscepibilty differences between water, air, and the plastic vial in this regions lead to this effect, especially at TE = 15 ms.

In Vitro Chicken Heart Experiments {#sec3.3}
----------------------------------

We used commercially obtained chicken hearts as a model solid tissue in a custom designed coil ([Supporting Information](#notes-1){ref-type="notes"} Figure S1). The chicken hearts carrying 1 × 10^5^ iron-free microrods showed no decreased signal within the heart on the gradient echo MR images (Figure [3](#fig3){ref-type="fig"}A). A small amount of air introduced at the entry of the injection tract led to a signal cancelation on the surface of the chicken heart (red arrow, Figure [3](#fig3){ref-type="fig"}A). Low density iron-loaded microrod injections were clearly visualized in the heart tissue as shown in Figure [3](#fig3){ref-type="fig"}B with the direction of injection indicated by the arrow. Two discrete, high density iron-loaded microrod injections are clearly seen in Figure [3](#fig3){ref-type="fig"}C, demonstrating the spatial resolution of this imaging technique. The large, central regions of negative contrast in each image are caused by the air in the empty ventricular cavity of each heart.

![A custom built 20 mm diameter ^1^H linear birdcage coil was used to image the chicken hearts injected with regular and magnetic microstructures. Sagittal view ^1^H MRI gradient echo images (TR = 250 ms, TE = 5 ms) show no signal proximal to the injection site (red arrow) of nonfunctionalized microstructures (A). The injection of 1 × 10^4^ microstructures carrying 0.6 pg of iron oxide each, however, yielded a small and defined area of signal cancelation in the images (B), while two injections of 1 × 10^4^ magnetic microstructures carrying 2.7 pg of iron oxide each yielded areas of significant intramuscular signal decrease (C).](am-2014-03778t_0003){#fig3}

3D Alignment of Iron-Loaded Microrods {#sec3.4}
-------------------------------------

Magnetically active microrods mixed in liquid-phase Matrigel assume a random orientation across the area and depth of the gel environment, as shown in Figure [4](#fig4){ref-type="fig"}A (gel depth = 2 mm). By inserting the microrod-containing gel into a permanent magnetic field, alignment of the high-aspect ratio microrods with the magnetic field without translocation toward the magnets was achieved, due to the rotational torque imparted on the structure by the induced paramagnetic dipole (Figure [4](#fig4){ref-type="fig"}C). The extent of microrod alignment was assessed by measurement of the angle of each rod in the field of view with respect to a consistently defined reference line and was shown to be random for iron-loaded microstructures in the absence of magnetic field as shown in the polar histogram in Figure [4](#fig4){ref-type="fig"}B. Placing the gels in a permanent magnetic field for 15 h, however, resulted in very narrow alignment distributions almost completely concordant with the magnetic field direction (Figure [4](#fig4){ref-type="fig"}D). Adding the control gels to the magnet or changing the orientation of the gels in the magnet resulted in realignment of the iron-loaded microstructures in the magnetic field within 4 h, demonstrating the dynamic potential of this method (Figure [4](#fig4){ref-type="fig"}E).

![(A) Magnetic microstructures suspended in a 3D gel show random alignment with respect to each other, as quantified against a defined reference line in the polar plot (B). Microstructures in multiple image planes and gels were measured against the reference line along their long axis and binned into 10° increments, with the total number per group shown here. (C) Fifteen hours in a strong permanent magnetic field resulted in significant microstructure alignment in all planes, as quantified in (D). (E) Turning the gel 90° in the magnet resulted in realignment of the microstructures suspended in the gel after 4 h.](am-2014-03778t_0004){#fig4}

^19^F MRI {#sec3.5}
---------

### ^19^F PFA Dilution Experiments {#sec3.5.1}

The ^19^F NMR spectrum of the pure PFA ([Supporting Information](#notes-1){ref-type="notes"} Figure S2) (polymerizable perfluorocarbon, 100% PFA = 3.16 M or 53.71 N with respect to fluorine) substance can be seen in Figure [5](#fig5){ref-type="fig"}A. The highest resonance of the spectrum was chosen as reference and calibrated to 0 kHz on the frequency axis. The spectrum shows three more resonances upfield of the 0 kHz reference (at −0.31, −0.56, and −1.36 kHz) as well as two more resonances downfield (at 2.20 and 11.30 kHz). The results of the ^19^F 3D CSI experiments to image the diluted PFA are shown in Figure [5](#fig5){ref-type="fig"}. Figure [5](#fig5){ref-type="fig"}B shows a color coded sagittal slice of the 3D data set of the 0.47% (v/v% = 3.71 × 10^--6^ M or 6.31 × 10^--5^ N fluorine) PFA solution. The signal was integrated over the spectral range between −1.36 and 2.20 kHz. Figure [5](#fig5){ref-type="fig"}C shows the corresponding ^19^F spectrum from one voxel in the high intensity signal area (red area) in Figure [5](#fig5){ref-type="fig"}B. A sagittal image and the corresponding ^19^F spectrum of a voxel of the 0.047% diluted solution (3.71 × 10^--7^ M or 6.31 × 10^--6^ N fluorine) can be seen in Figure [5](#fig5){ref-type="fig"}D,E. In this spectrum, noise is visible on the baseline, but the signal-to-noise ratios of the ^19^F resonances are still excellent to localize and image the diluted PFA substance.

![^19^F NMR spectrum of PFA substance is shown in (A). Results of the CSI experiments to localize diluted PFA in acetonitrile showed that the 0.47% v/v PFA solution yielded a strong ^19^F signal. A sagittal ^19^F image of the 3D data sets is shown in (B). This color coded image was reconstructed by integrating the spectral area between −1.36 and 2.20 kHz. The ^19^F spectrum of one voxel is shown in (C). CSI experiments performed with a lower concentration of PFA in acetonitrile (0.047% v/v) reveal a decreased signal-to-noise ratio of the localized ^19^F NMR spectrum, but still sufficient signal to localize and image the solution (D,E).](am-2014-03778t_0005){#fig5}

### Localization of Perfluorocarbon-Loaded Microrods by ^19^F MRI {#sec3.5.2}

Figure [6](#fig6){ref-type="fig"}A shows the microrods fabricated with a 0.47 v/v% of PFA in PEG--DMA. The ^1^H MR reference image in Figure [6](#fig6){ref-type="fig"}B was acquired to verify the position of the microrod collection in the vial, which coincides with the concentrated signal detected by ^19^F MRI, as shown in Figure [6](#fig6){ref-type="fig"}C. A localized ^19^F spectrum for the ^19^F 3D CSI data set can be seen in Figure [6](#fig6){ref-type="fig"}D. The spectrum shows the typical ^19^F resonances from PCA, although the signal-to-noise ratio is decreased and the line widths of the resonances are broadened as compared to those of the raw substance.

The results of the injection of 1 × 10^5^ PFA-labeled microrods into solidified gelatin mold are also shown in Figure [6](#fig6){ref-type="fig"}. Figure [6](#fig6){ref-type="fig"}E shows the successful injection of the microstructure solution colored by red food coloring into the gelatin mold to aid visualization. The ^1^H MR reference image showed no signal enhancement of the region injected with the hydrogel polymer microstructures (Figure [6](#fig6){ref-type="fig"}F), whereas ^19^F 3D CSI showed a distribution consistent with that seen visually after injection (Figure [6](#fig6){ref-type="fig"}G). Figure [6](#fig6){ref-type="fig"}H shows an overlay of the color coded ^19^F image on the gray scale ^1^H image. Figure [6](#fig6){ref-type="fig"}I shows the localized ^19^F NMR spectrum from the CSI data set. The ^19^F PFA resonances are visible as a sensitive and specific region of positive contrast, albeit with a decreased signal-to-noise ratio as compared to that of the raw substance.

![PEG--DMA was chemically functionalized with PFA to generate a fluorinated polymer molecule (A). As previously, 100 000 microstructures photo-cross-linked in the presence of PFA--PEG--DMA and collected at the bottom of a centrifuge tube to be imaged by ^1^H MRI (B) and ^19^F MRI (3D CSI) (C), yielding localized ^19^F NMR spectra that show the typical, but broadened PFA resonances as compared to the raw substance (D). A gelatin mold was formed in a tube and injected with 100 000 fluorinated microstructures in the presence of nonfluorine-containing red dye (E). The ^1^H MR reference image showed no signal changes after the injection (F), while ^19^F 3D CSI located the microrod collection in an identical distribution as seen visually (G) and shown in the ^19^F overlay image on the ^1^H image (H). The localized ^19^F NMR spectrum in the injected area confirmed the signal source as the incorporated PFA molecules (I).](am-2014-03778t_0006){#fig6}

Discussion {#sec4}
==========

The increasing use of "smart materials" and advanced functionalized polymer technologies for therapeutic applications has necessitated the incorporation of a wide variety of mechanical, chemical, and biological qualities into existing materials to adapt them for the numerous and unique challenges of the physiologic environment.^[@ref2],[@ref3],[@ref6],[@ref9],[@ref15],[@ref17],[@ref32]^ As the application of polymer biomaterials to the growing field of smart material technologies moves away from stand-alone surface coatings or delivery vehicles and begins to become more functional, tissue-integrated therapeutic platforms, challenges in safety and noninvasive implementation and monitoring of these material strategies will become vital. Here, we propose two such functionalizations that serve to (1) introduce capabilities of remote manipulation for improved in vitro study and in vivo integration of discrete polymeric microstructural materials, and (2) provide a means by which to track and image microscale polymer therapeutics.

High aspect microstructures, such as microrods, have been shown to have the potential to instruct cell orientation and tissue growth in 2D applications.^[@ref15],[@ref32]−[@ref34]^ One limitation of introducing any type of polymeric tissue engineering platform that promotes cellular integration or tissue regeneration is the prospect of disorganized growth. In the heart, for example, the orientation of cell--cell contacts to create linear tissue planes for electrical conduction is vital to the physiologic function of the heart, as disorganized tissue growth can serve as a nidus for electrical anomalies. Here, we demonstrate that iron-functionalized microrods can be externally manipulated by magnetic fields in 3D to create aligned polymeric scaffolds that can be integrated into any tissue environment. The magnetic functionalization of discrete polymeric microstructures adds a new dimension to the potential utility of these materials in the setting of in vitro tissue engineering and as a means to provide physical cues for in vivo regenerative applications. Adding magnetic functionalization to discrete polymeric cues makes it possible to create organized scaffolds across a 3D volume. This capability will facilitate study into how cells organize and respond to microstructural cues in a physiologic extracellular matrix and will pave the way for better understanding of how to engineer organized tissues for regenerative strategies.

In addition to its use in settings of remote microstructure alignment for instructional tissue engineering cues, MRI technologies provide a parallel functionality for these magnetized polymeric devices. Iron-based nanoparticles have long been used as a contrast agent for MRI applications, including cell labeling or vascular enhancement.^[@ref21],[@ref35]−[@ref40]^ Iron oxide nanoparticles are easy to produce at low cost and have the added advantage of being relatively benign to tissue when delivered in small amounts,^[@ref41]^ thanks in part to the significant iron carrying capacity of the blood. This has been further supported by the fact that we see no changes in cell metabolism or cell death when cultured in contact with large quantities of our iron-loaded microstructures for a variety of cell types ([Supporting Information](#notes-1){ref-type="notes"} Figure S3). When incorporated into the polymer matrix, iron-oxide nanoparticles make it possible to locate and track polymeric devices in situ by MRI, giving insight into the safety profile, longevity, and targeting accuracy of this noninvasively delivered therapeutic. The ability to track these microstructures was also confirmed in a mock injection into substitute tissue, as physiologic injections of discrete polymeric microstructures may not be confined to a concentrated area depending on the density of the target tissue and the volume of the fluid injection delivered. The results shown with this work suggest that this system can, indeed, reliably track dispersed iron-loaded microstructures and has potential utility in the setting of a tissue-based injection.

The adaptation of previously developed polymer coating methods for iron oxide nanoparticles facilitates their stable incorporation into polymer microstructures, which is critical to their utility in tissue engineering applications. The covalent, methacrylate-based chemical bonds of PEG--DMA are extremely strong in physiologic environments, and there is evidence that they can last for several years before being hydrolyzed.^[@ref3],[@ref26]^ This, in turn, means that the iron oxide nanoparticles can be affixed to the polymer matrix and remain bound to the microstructures for the lifetime of the material device, enabling long-term tracking and even calibrated determination of degradation rates of the functionalized polymer material. Other groups have shown similar iron oxide nanoparticulate composite polymers, but, as many of these are designed for hyperthermic drug delivery and often involve bulk polymerization or more rapidly hydrolyzed materials, the potential lifetime of an iron-included polymeric microdevice utilizing covalent incorporation remains unclear.^[@ref42]−[@ref44]^ Furthermore, due to the discretized nature of our low concentration microstructured composites and the use of slow-acting permanent magnetic fields, we have not seen evidence of environmental damage or heating due to the motion of the microrods. This includes no observed temperature change in a Matrigel culture loaded with magnetic microrods and exposed to a high frequency oscillating electromagnetic field (data not shown) and no evidence of microstructure translocation or structural damage to a gel scaffold in the presence of strong magnetic fields over long incubation periods of 4--15 h (Figure [4](#fig4){ref-type="fig"}). However, further investigation would be valuable to evaluate the precise kinetics of the release of the iron oxide nanoparticles from the bound polymer matrix and the magnetic threshold for effective translocation or rapid movement of the microstructures that could potentially precipitate tissue damage. We continue to evaluate these characteristics to better understand the role these factors play in device longevity and potential toxicity.

It is important to consider, however, that iron incorporation serves as a negative contrast (signal cancelation) agent for MRI applications as it shortens the transversal relaxation times of the local protons due to the induced dipole in the iron oxide matrix. This interference is not specific and can be difficult to differentiate from other sources, which decrease the transversal relaxation times, such as clotted blood or air, as is illustrated in Figure [3](#fig3){ref-type="fig"}A--C. This may limit the scope of applicability of this type of contrast agent, depending on the characteristics of the therapeutic target tissue, and requires a careful investigation of the signal decay source with respect to the chosen TE for the experiments. Besides intrinsic origins (like blood or air), which affect the transversal relaxation time, apparatus-specific sources (insufficient field homogeneity) can also lead to signal decay in the MR gradient echo images. Furthermore, it may not always be possible to filter out these sources of signal cancelation, obscuring the view of surrounding tissues that may hinder the diagnostic reliability contrast generation based on iron-oxide particles in combination with ^1^H MRI.

The use of a specific and sensitive positive contrast agent, such as ^19^F molecules, presents an elegant solution to the challenges of iron-oxide contrast agents, which provide signal cancelation as a contrast mechanism. The ^19^F nucleus has a NMR sensitivity of 83% relative to the ^1^H and is therefore one of the most sensitive nuclei for NMR. Because the amount of physiologic ^19^F-containing compounds in biological tissue is negligible, ^19^F NMR and MRI are not hampered by interference from background signals.^[@ref45]−[@ref48]^ Long-chain fluorocarbons can be attached to an array of chemical functional groups, making this strategy viable for polymers beyond the PEG--DMA polymer described here. However, considerations of decreased mobility of the long-chain fluorine molecule once it is polymerized into the PEG--DMA matrix, thus experiencing a more physically constrained environment leading to spectral peak broadening (and therefore shortened transversal relaxation time), are necessary to utilize this method effectively. Considerable research has been pursued in developing fluorinated nanoparticulate emulsions for tracking or targeting cancers and inflammation, but these approaches encounter additional challenges in targeting, longevity, and toxicity.^[@ref49]−[@ref51]^ By stably and covalently tagging injectable microstructured polymer materials with small amounts of these compounds as shown in this work, the therapeutic devices could be reliably located and monitored over time to ensure proper implantation and positioning of the device throughout its lifetime with limited exposure and distribution to other nontargeted tissues.

The chemical nature of long-chain fluorocarbons, however, does potentially present challenges to therapeutic implementation. The toxicity of some fluorinated molecules has been studied, and many PFCs are considered biologically inert, but specific examination of the molecules used for targeting is necessary.^[@ref52]−[@ref54]^ Although our method covalently bonds the molecules to the polymer matrix of the device, most injectable polymer devices are not designed to be explanted as the degradation products are generally biocompatible and effective collection of the material that is integrated into the tissue is not possible. In this case, any conjugated fluorinated molecules, even in the extremely small quantities described here, would need to be similarly nonreactive and nonprovoking of an immune response upon degradation. However, it is likely that the long-term degradation profile of polymers such as PEG--DMA would result in extremely small amounts of fluorinated polymer released at any given time and would remain at subtoxic levels and be cleared safely by the body.

We have examined the response of fibroblasts to our fluorinated microrods in vitro, showing little effect on cell metabolism in the presence of a large number of low-fluorine concentration microrods (sufficient levels for imaging, as seen in Figure [6](#fig6){ref-type="fig"}), but higher levels of fluorine do adversely affect cell growth, either by toxic chemical effects or by alterations in surface binding due to the hydrophobic nature of the molecule ([Supporting Information](#notes-1){ref-type="notes"} Figure S3). Further examination of the biological effects and appropriate doses of this material will be important for its eventual implantation in vivo.

Conclusion {#sec5}
==========

We have developed two strategies for chemical functionalization of polymeric microstructures to enable remote manipulation of discrete devices and sensitive detection of implanted polymer materials by MRI methods. Polymer hydrogel materials possess a broad range of therapeutic potentials, and the ability to incorporate advanced mechanical and chemical integrations is vital to their continued pioneering into new tissue engineering applications. The inclusion of iron oxide paves the way for remote manipulation of polymer materials in three dimensions with a precision that is unachievable with traditional polymer materials, introducing the ability to generate organized constructs in 3D tissue space. Simultaneously, this functionalization allows sensitive MRI detection of materials, even when dispersed across large regions of tissue after injection, which can facilitate safe, long-term in vivo monitoring of polymeric devices that were previously invisible after implantation. Additional functionalization with PFCs, meanwhile, utilizes exciting new applications of MRI technologies to provide extremely sensitive and specific labeling of polymeric devices to enable clinical monitoring of even micrometer-scale implanted polymer devices. Functionalizations such as these can be applied across a broad spectrum of polymer solutions for tissue engineering and materials-based therapies and will continue to tap into the near limitless mechanical, chemical, and biological potentials of engineered polymers for translational applications.

Additional details on methods, accessory data on in vitro biocompatibility profile, and continued discussion. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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======================
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MRI

:   magnetic resonance imaging

NMR

:   nuclear magnetic resonance

PEG--DMA

:   polyethylene glycol dimethacrylate

PFA

:   1*H*,1*H*,2*H*,2*H*-perfluorodecyl acrylate

PFCs

:   perfluorocarbons

SEM

:   scanning electron microscope

TMSMA

:   3-(trimethoxysilylpropyl methacrylate)

poly(TMSMA-r-PEGDMA)

:   diblock copolymer of TMSMA and PEG--DMA

^1^H MRI

:   proton magnetic resonance imaging

^19^F MRI

:   fluorine magnetic resonance imaging

3D

:   three-dimensional
